a good environment for sweetpotato testing in Southern Nation, Nationalities and People's Regional State (SNNPRS). Generally, the current study demonstrated the possibility of breeding sweetpotato varieties with combined high RDMC, β-carotene content and a high fresh root yield, with wide adaptation for large scale production.
Introduction
Sweetpotato [Ipomoea batatas (L.) Lam] is a versatile crop widely cultivated in diverse agro-ecologies globally. Various studies have indicated the sensitivity of sweetpotato to genotype x environment interaction (G x E) (Manrique and Hermann 2001; Gruneberg et al. 2005; Chiona 2009; Osiru et al. 2009; Moussa et al. 2011) . Gruneberg et al. (2005) reported the presence of a significant G x E interaction of a cross-over type for storage root yield that implied differential ranking of sweetpotato genotypes across locations and years. Tsegaye et al. (2011) reported that most orange fleshed sweetpotato (OFSP) genotypes evaluated in Ethiopia were sensitive to environmental variations for storage root yield. The authors suggested the need to consider both wider and specific adaptation in OFSP varietal evaluation for yield and yield components.
The influence of G x E interaction on nutritional traits is considered to be smaller when compared to storage root yield (Gruneberg et al. 2005; Tsegaye et al. 2011) . In a study conducted by Manrique and Herman (2001) , β-carotene content increased in the roots of almost all tested clones when grown at a higher altitude. Similarly, Kathabwalika et al. (2016) conducted evaluation of dry matter, starch and β-carotene content in orange-fleshed sweetpotato genotypes in Malawi. The authors reported that β-carotene https://doi.org/10.1515/opag-2017-0052 received February 23, 2017; accepted August 15, 2017 Abstract: The study was conducted to estimate the magnitude of genotype x environment interactions (G x E) and to select stable and high yielding sweetpotato genotypes for root dry matter content (RDMC), β-carotene content and fresh root yield, and to identify the most discriminating and representative test environments in Ethiopia. The study was conducted across six environments (Halaba, Kokate, Areka, Arbaminch, Hawassa and Dilla) in southern Ethiopia. Twenty four selected genotypes and one check variety (Tula) were evaluated using a 5 x 5 simple lattice design. Stability analysis was conducted using Genotype plus Genotype by Environment Interaction (GGE bi-plot). Environment, genotype and G x E interaction variances were significant (p < 0.001) for the three traits. The magnitude of environment and G x E interaction was 66.8% for fresh root yield, 44.0% for RDMC and 7.6% for β-carotene content. Three genotypes designated as G1, G6 and G20 were identified as having above average RDMC of 31.82, 32.60 and 30.06%, high β-carotene content of 12.48, 14.27 and 13.99 mg 100 g -1 and, stable and high fresh root yields of 25.09, 26.92 and 25.46 t ha -1 , respectively. These genotypes were selected for final evaluation and recommendations. Among the test environments, Arbaminch, Halaba and Areka better discriminated among genotypes for RDMC and fresh root yield while Areka, Dilla and Halaba were the environments better discriminated among genotypes for β-carotene content. Four environments, Arbaminch, Halaba, Areka and Dilla can be considered good environments for sweetpotato screening in southern Ethiopia. Kokate is not content increased significantly with decreasing altitude. However, a study conducted by Mbwaga et al. (2008) highlighted that β-carotene did not show clear trends with increasing or decreasing altitudes for most of the tested varieties. The influence of GxE on RDMC was reported by various authors (Janssens 1983; Nasayao and Saladaga 1988; Gruneberg et al. 2005; Chiona 2009 ).
The presence of significant GxE interaction creates serious problems in comparing varieties and for recommending for wider adaptation (Moussa et al. 2011) . Therefore, GxE interaction effects should be analysed using appropriate techniques in order to undertand their existence, pattern and magnitude (Annicchiarico 2002) . In order to analyse GxE interaction and identify stable genotypes, testing of genotypes in multiple environments and years is crucial.
In Ethiopia, sweetpotato is widely grown in the southern, south eastern and western agro-ecologies, serving as a staple food for millions of people (Tofu et al, 2007) . It is mainly grown for fresh consumption. Presently, orange-fleshed sweetpotato varieties (OFSP) are being widely promoted due to their high β-carotene (pro-vitamin A) content (Tofu et al. 2007; Gurmu et al. 2015) . However, the root dry matter contents (RDMC) of the OFSP varieties is low, which has direct effect on taste, influencing the acceptance of the varieties. In addition, according to Tsegaye et al. (2011) , most of the OFSP varieties released in Ethiopia were sensitive to GxE interaction. Tsegaye et al. (2011) studied on introduced and released OFSP varieties. However, there is no information regarding sweetpotato genotypes bred in Ethiopia. The current study emphasized on elite sweetpotato genotypes bred and selected in Ethiopia for combined β-carotene, RDMC and fresh root yield.
Therefore, understanding the nature of G x E interactions and quantifying their magnitude is essential for breeding, cultivar release and to identify the most discriminating and representative test environments in Ethiopia.
A number of statistical parameters are available to analyze G x E interaction and to quantify its magnitude. Additive Main effect and Multiplicative Interaction (AMMI) (Gauch 1988; Gauch and Zobel 1988) and Genotype plus Genotype by Environment Interaction (GGE bi-plot) (Yan et al. 2000; Yan 2002) are the most commonly used statistical methods for analyzing multienvironment data.
Twenty-four sweetpotato genotypes with combined fresh root yield, dry matter and β-carotene contents were selected from 420 genotypes resulted from a diallel crosses conducted in 2013 in Ethiopia (Gurmu 2015) . The genotypes were selected based on their high RDMC, β-carotene and fresh root yield. Among these, best performing and stable genotypes were ranked and selected across representative test environments in Ethiopia for release or breeding purposes. Therefore, the objectives of the study were to estimate the magnitude of G x E interactions and to select stable and high yielding sweetpotato genotypes for root dry matter content (RDMC), β-carotene content and fresh root yield, and to identify the most discriminating and representative test environments in Ethiopia.
Materials and methods

Study areas
The study was conducted at six environments, namely Halaba, Kokate, Areka, Arbaminch, Hawassa and Dilla in the Southern Nation, Nationalities and People's Region (SNNPR) of Ethiopia (Table 1 and Figure 1 ). The sites were selected from zones that cover more than 40% of Ethiopia's and 90% of the SNNPR's sweetpotato production (CSA 2015) . The test sites represent a low to mid altitude with diverse agro-ecologies in Ethiopia where sweetpotato is widely produced. Hawassa (Sidama zone) Areka and Kokate (Wolayta zone) Arbaminch (Gamo Gofa zone) Halaba special district Dilla (Gedeo zone)
Planting materials
Twenty four F1 sweetpotato genotypes were selected from families constituted from diallel crosses. These were evaluated along with one released OFSP check variety (Tula). The list of the genotypes is presented in Table 2 . The genotypes were selected based on their high RDMC, flesh colour (as indicator of the level of β-carotene content) or fresh root yield.
Field layout and experimental design
An advanced yield trial was conducted with a 5 x 5 simple lattice design with two replications. Experimental plots consisted of a four row plot of three meters long for each genotype. The spacing between each row was 0.60 meter and between plants was 0.30 meter which resulted in a total of 10 plants per row and 40 plants per plot (Belehu 2003; ARC 2015) . The experiments were planted in July to August, 2014 and harvested in November to December, 2014. The two central rows were used for data recording and harvesting. The experiment was conducted under rain fed conditions and did not receive irrigation. No fertilizers were applied at any of the test sites and weeding and cultivation were done as recommended for the crop in Ethiopia (ARC 2015).
Data collection
Three major traits were used for the G x E analysis -fresh root yield, RDMC and β-carotene content. All the data/ samples were taken from each replicate at each location. Fresh root yield (t ha -1 ) was measured from two central rows and expressed as harvested fresh root weight in kg plot -1 and later converted to tonnes per hectare. Where: t ha -1 = Fresh root yield in tons per hectare.
RDMC (%) = oven dried root weight (g) x 100 fresh root weight (g)
Where: RDMC = root dry matter content.
Data analysis 2.5.1 Analysis of variance
A combined analysis of fresh root yield, RDMC and β-carotene content data across the environments were analysed using GenStat 14 th edition (Payne et al. 2011) and SAS version 9.3 (SAS Institute Inc. 2003) statistical packages.
The following statistical model was used for combined analysis of variance over environments:
Where: Y ijkl is observed value of genotype i in block l and replication k of environment j, μ is grand mean, G i is effect of genotype i, E j is environment or location effect, GE ij is the interaction effect of genotype i with environment j, R k(j) is the effect of replication k in environment j, B l(k) is the effect of block l in replication k, є ijkl is error (residual) effect of genotype i in block l and replication k of environment j. *The flesh colour was coded using a scale of 1-9 as described by Huaman (1991) and (1999) , where 1 = white, 2 = cream, 3 = dark cream, 4 = pale yellow, 5 = dark yellow, 6 = pale orange, 7 = intermediate orange, 8 = dark orange, 9 = strongly pigmented with anthocyanin.
G x E and stability analysis
G x E and stability analyses were conducted using a GGE bi-plot procedure Yan 2002; Yan et al. 2007) in GenStat 14 th edition. The model for a GGE bi-plot based on singular value decomposition (SVD) of t principal components is:
Y is the performance of genotype i in environment j, μ is the grand mean, β j is the main effect of environment j, k is the number of principal components (PC); λ k is singular value of the k th PC; and α ik and γ jk are the scores of i th genotype and j th environment, respectively for PC k ; ε ij is the residual associated with genotype i in environment j.
Results
Combined analysis of RDMC, β-carotene content and fresh root yield
A combined analysis of variance was conducted for RDMC, β-carotene content and fresh root yield. There was a highly significant (p < 0.001) difference among the six test environments and the 25 sweetpotato genotypes for the three traits (Table 3 ). The result also showed that genotypes x environment interaction was highly significant (p < 0.001) for the three traits. The current study indicated that the genotypes were sensitive to GxE interaction for RDMC, β-carotene content and fresh root yield revealing the need for stability analysis for these traits.
Root dry matter content
The mean RDMC (%) of the genotypes is shown in Table 4 . Halaba was the best environment with RDMC of 33.12%. The highest mean RDMC was recorded for G16 at Halaba and Kokate, which was 41.63 and 42.22% respectively, and for G9 and G12 at Areka which was 43.12 and 41.54%, respectively. At Arbaminch, G11 was the best performer with RDMC of 43.10%. The lowest mean RDMC close to 20% was recorded for G15 at Hawassa and Dilla, and for G10 and G21 at Hawassa, and G25 at Dilla. More than two-thirds of the genotypes studied had mean RDMC values that were above 30% across the test environments. The highest mean RDMC value of 40.19% was recorded for G11, followed by G16, G3 and G18 with means of 38.23, 37.15 and 36.23%, respectively. The lowest mean RDMC of 24.30% was recorded for G25 (Tula, a released OFSP variety used as a check) (Table 4) .
β-carotene content
The mean of genotypes for β-carotene content is presented in Table 5 . Areka was the best environment for β-carotene. The highest mean β-carotene content that was greater than 20 mg 100 g -1 was recorded at Areka and Dilla, both for G8. Across the test environments, G8, G15 and G19 had the highest β-carotene of 20.01, 16.59 and 16.30 mg 100 g -1 , respectively. Eight genotypes, namely G3, G4, G9, G10, G11, G16, G18 and G23, had no β-carotene content across all the test environments (Table 5) . Total 299
df =degrees of freedom, *** significant at p < 0.001 probability level, Rep = replication, ns = not significant, RDMC = root dry matter content, G x E = genotype by environment interaction.
Fresh root yield
The mean of fresh root yield for the genotypes is presented in Table 6 . Arbaminch was the best environment for fresh root yield with a mean yield of 37.05 t ha . Kokate was the poorest environment, providing a mean yield of 8.62 t ha . The genotypes showed stunted growth at Kokate, which is a relatively cool environment, but grew better at Arbaminch, which is a warmer environment.
At Hawassa about half of the genotypes studied provided a mean fresh root yield greater than 25 t ha -1 . At Arbaminch, some of the genotypes had mean yields that exceeded 50 t ha -1 . Almost all genotypes performed poorly at Kokate and Areka. G6 was the highest yielder across environments with a mean of 26.92 t ha , followed by G20 and G1, which yielded 25.46 and 25.09 t ha -1 , respectively. The lowest mean fresh root yield of 7.55 and 9.64 t ha -1 was recorded for G25 (variety Tula) and G21, respectively.
G x E and stability analysis using GGE bi-plot
Root dry matter content
GGE-biplot analysis of RDMC using PC1 and PC2 is presented in Figure 2 . This figure shows which genotype performs best where or which is best for which environment. Accordingly, genotypes G11, G16, G3, G18 and G4, which had large positive PC1 scores, had the highest mean RDMC values, in that order. On the other hand, genotypes G25, G21, G15, G22 and G8, which had large negative PC1 scores, had low RDMC (Figure 2 ). Genotypes that had PC2 scores near zero such as G11, G3, G19, G23, G14 and G7 were relatively stable. Among these genotypes, only G3 and G11 had high RDMC. Four environments, namely Halaba, Kokate, Arbaminch and Areka, had larger PC1 scores and efficiently discriminated among the genotypes for RDMC. PC1 and PC2 accounted for 75.6% of the total PCs that sufficiently explained the GGE (Figure 2 ). Genotype G18 was the best performer at Halaba, Kokate, Hawassa and Dilla while G3 was the best performer at Arbaminch. Areka was not a good environment for any of the genotype for RDMC. Genotypes G11, G3, G19, G23 and G14 had shorter absolute length of projection and therefore they can be considered stable with above average RDMC. The rank of the genotypes, high to low RDMC, is G11, G16, G3, G18, G4, G19 and G23. Genotypes G25 and G21 were poor performers for RDMC.
β-carotene content
GGE-biplot analysis of β-carotene content using PC1 and PC2 is presented in Figure 3 . The genotypes G8, G15, G19, G20, G21, G22, G5, G6 and G7 had relatively larger PC1 values and had high average β-carotene content. All the genotypes that had no β-carotene were concentrated at a single point at the left end of the x-axis (Figure 3) . The genotypes G8, G15, G12 and G13 had PC2 scores near zero. Among these genotypes, G8 and G15 had relatively higher β-carotene content. Areka, Dilla, Kokate and Halaba were environments with relatively large PC1 scores and these environments better discriminated among genotypes for β-carotene content. Hawassa and Arbaminch had PC2 scores near zero and were more representative of an average environment (Figure 3) . When the genotypes at the apex of each sector are considered, G19 and G24 were the best performers at Kokate and Areka while G8 was at Dilla and G6 was at Halaba. Genotypes G8, G15, G12 and G13 had shorter absolute projections and therefore they were stable across the test environments. Most of the genotypes had mean β-carotene content that was above average since they were displayed at the right of the AEC y-axis. Only those genotypes that did not have any β-carotene and two genotypes with lower β-carotene content, namely G2 and G17 were displayed at the left of the AEC y-axis. These genotypes have mean β-carotene content values that were below average. Figure 4 displays the GGE-biplot analysis of fresh root yield. The genotypes G6, G20, G1, G17 and G8 had relatively higher PC1 values and had high average fresh root yield. On the other hand, the genotypes G25, G21, G11, G4, G10, G14, G15 and G9 had lower fresh root yields that were below average. The genotypes G6, G20, G1, G22 and G3 had PC2 scores near zero. Among these genotypes, G1, G6 and G20 had relatively higher fresh root yields. Arbaminch, Halaba and Areka had relatively large PC1 scores and hence they better discriminated among genotypes for fresh root yield. Kokate had PC2 scores near zero but was the worst performing environment for fresh root yield (Figure 4 ). When the genotypes at the apex of each sector were considered, genotypes G16 and G23 were best performers at Halaba and Areka while G2, G8, G17 and G18 were the best performers at Arbaminch. Genotypes G6, G20, G1 and G22 had shorter absolute projections and therefore they were stable across the test environments. However, G22 had lower yield than the other three genotypes (G1, G6 and G20). Most of the genotypes had above average mean fresh root yield since they were displayed at the right of the AEC y-axis. G21 and G25 were the worst performing genotypes for fresh root yield.
Fresh root yield
Discussion
The significant genotypic difference indicates the presence of genetic causes of variation among the tested genotypes. The presence of highly significant differences between the six test environments for the three traits indicates the significance of testing sweetpotato genotypes across environments. The significant genotype by environment interaction indicates that the genotypes performed differently across the different environments revealing the complication of selecting a single genotype for all environments.
The current study indicated the presence of G x E interactions for all the three traits studied: RDMC, β-carotene content and fresh root yield with variable magnitudes such as 66.8% for fresh root yield, 44.0% for RDMC and 7.6% for β-carotene content. The studied genotypes were sensitive to G x E interaction for the three traits indicating the need for stability analysis. This result was similar to previous reports on various sweetpotato traits (Gruneberg et al. 2005; Tsegaye et al. 2007; Mbwaga et al. 2008; Chiona 2009; Osiru et al. 2009; Moussa et al. 2011 , Tumwegamire et al. 2016 . Similar to the current study, Tumwegamire et al. (2016) reported larger G x E components for total root yield, mineral traits and RDMC suggesting that breeding for traits such as root yield is complex, requiring prior data on the causes of the GxE interactions. Unlike the current study, however, Tumwegamire et al. (2016) reported a non-significant interaction for root β-carotene content and root starch Genotypes to the right of the line that passes through the bi-plot origin line are with above average values, while those to the left are with below average values for the trait of interest Yan and Kang 2003) . Accordingly, genotypes G11, G16, G3, G18 and G4 had high average RDMC values.
Genotypes with PC2 scores near zero are the most stable (Yan et al. 2000 . Genotypes G11, G3, G19, G23, G14 and G7 had relatively low PC2 scores and therefore can be considered relatively stable for RDMC. Among the tested genotypes, G3 and G11 were the most stable genotypes with high RDMC. However, when the β-carotene content of these genotypes is considered, both G3 and G11 have no β-carotene content. Similarly, G4 and G16, which had high RDMC and average stability, had no β-carotene. Genotypes G8, G15, G12 and G13 had shorter absolute projections and they were stable and high yielding for β-carotene content across the test environments. However, G8 and G15 had low RDMC. This is one of the major challenges when breeding to improve the RDMC of the OFSPs due to the existence of negative correlations between the two traits (Simonne et al. 1993; Chiona 2009; Cervantes-Flores et al. 2010) . It is suggested that the simultaneous improvement of the two traits is a challenge in sweetpotato breeding unless the linkage can be broken. In this study, G19 was stable, with above average RDMC (33%) and high β-carotene content (16.3 mg 100 g -1 ) and can be recommended for further testing to release for wider production.
Environments with large PC1 scores are better in discriminating between the genotypes and those with PC2 scores near zero are more representative of an average environment (Yan et al. 2000; . Four of the test environments, namely Halaba, Kokate, Arbaminch and Areka, efficiently discriminated between the test genotypes for RDMC and can be considered good environments for testing of sweetpotato genotypes for RDMC. Some of the genotypes showed specific adaption to some environments. Accordingly, G11, G16, G19 and G4 were the best performers at Halaba, Kokate, Hawassa and Dilla while G3 was the best performer at Arbaminch. Therefore, these genotypes can be recommended for adaptation to specific environments. However, among these genotypes, only G19 had β-carotene and was stable across environments. Areka was not a good environment for evaluating genotypes for RDMC.
Some of the genotypes, such as G8, G15, G19, G20, G21, G22, G5, G6 and G7 had relatively higher PC1 values and had high average β-carotene content. Among these genotypes, G8 and G15 also had high β-carotene content. However, both of these genotypes had below average RDMC. G8 can be used as a parent for improvement of β-carotene content since it had the highest β-carotene content of all the genotypes studied, with a profuse flowering habit, although the RDMC was below average (27%).
Generally, three genotypes designated as G1, G6 and G20 were identified as having , respectively and selected for final evaluation and recommendations.
Conclusion
Among the tested genotypes, genotypes G3 and G11 were stable with high RDMC but had no β-carotene. On the other hand, G8 and G15 had high β-carotene content, but low RDMC. Three genotypes, namely G1, G6 and G20 were identified as stable with high mean fresh root yield. These genotypes had high RDMC and β-carotene content and are therefore the optimum genotypes. Genotypes with high RDMC such as G3 and G11 can be used as breeding parents, to improve the RDMC of OFSP varieties. Similarly, G8, which had the highest β-carotene content of all the genotypes suggesting its candidacy for breeding.
Among the test environments, Arbaminch, Halaba and Areka better discriminated among genotypes for RDMC and fresh root yield while Areka, Dilla and Halaba were the environments better discriminated among genotypes for β-carotene content. So, the four environments, Arbaminch, Halaba, Areka and Dilla can be considered good environments for sweetpotato screening in southern Ethiopia. Kokate is not a good environment for sweetpotato testing in SNNPR. However, the current study was conducted for one season and should be repeated over seasons to confirm the results.
Generally, the current study demonstrated the possibility of breeding sweetpotato varieties with combined high RDMC, β-carotene content and fresh root yield, with either wide or specific adaptation.
